Introduction. Successful processing of multisensory stimuli increases the likelihood of detection or identification of salient, biologically significant events faster and more efficiently than unisensory inputs. Schizophrenia (SZ) patients show deficits in unisensory processing, but it is unclear whether impairments are seen to multisensory stimuli, a process known as multisensory integration (MSI). We used behavioural and event-related potential (ERP) measures to examine MSI in SZ and healthy controls (HC). Methods. Thirty-three SZ and 30 HC completed a target detection task with unisensory and multisensory stimuli. Reaction times (RT) were measured while their electroencephalogram (EEG) was recorded. Two auditory (N100 and P200) and visual (P100 and N160) ERPs were examined. MSI was analysed in terms of violations of RT to the race model and by comparing ERPs in the MSI condition to the sum of the unisensory ERPs. Results. Both groups showed faster RT in MSI compared to unisensory conditions. SZ had non-significantly fewer violations of the race model compared to HC. SZ had significantly smaller amplitudes to unisensory visual N160 and auditory P100 relative to HC; there were no significant group differences on any ERP measure of MSI. Conclusions. SZ showed relatively intact MSI with subtle (non-significant) differences at the neural and behavioural levels compared to HC. Our results suggest that neural processes associated with MSI are not an additional source of impairment in SZ.
Schizophrenia (SZ) patients exhibit behavioural and electroencephalogram (EEG) deficits in visual (Butler & Javitt, 2005; Chen, Levy, Sheremata, & Holzman, 2004; Green, Nuechterlein, & Mintz, 1994; Levy, Holzman, Matthysse, & Mendell, 1993) and auditory (Ford, 1999; Turetsky, Bilker, Siegel, Kohler, & Gur, 2009; Wynn, Sugar, Horan, Kern, & Green, 2010) processing. These perceptual deficits have been typically examined with stimuli presented in a single sensory modality (i.e. unisensory stimuli). However, in daily life, we typically encounter stimuli from multiple sensory modalities at the same time that must be effectively integrated to adaptively guide our behaviour. The process of integrating stimuli from different modalities has been termed multisensory integration (MSI) (Stein & Stanford, 2008) . *Corresponding author. Email: jkwynn@ucla.edu Cognitive Neuropsychiatry, 2014 Vol. 19, No. 4, 319-336, http://dx.doi.org/10.1080 /13546805.2013 This work was authored as part of the Contributor's official duties as an Employee of the United States Government and is therefore a work of the United States Government. In accordance with 17 U.S.C. 105, no copyright protection is available for such works under U.S. Law.
Processing of spatially and/or temporally congruent stimuli across modalities results in facilitation of behavioural and neural responses compared with unisensory stimuli (Stein, London, Wilkinson, & Price, 1996; Stein, Meredith, Huneycutt, & McDade, 1989) . The successful processing of multisensory stimuli increases the likelihood of detection or identification of salient, biologically significant events and does so in a faster and more efficient manner than would be predicted by the sum of the unisensory inputs (Stein & Stanford, 2008) . The facilitatory effect of multisensory cues on behavioural measures has been reflected, for example, by faster reaction times (RT) to the onset of two stimuli rather than one (Ulrich, Miller, & Schröter, 2007) . In animal models, MSI has been demonstrated to decrease the amount of time between sensory encoding and formation of motor-commands (Bell, Meredith, Van Opstal, & Munoz, 2005) . Moreover, MSI enhances the initial sub-threshold portion of a response, resulting in a multisensory response with a shorter latency than unisensory responses (Rowland, Quessy, Stanford, & Stein, 2007) . MSI is considered to be a separable neural mechanism, rather than simply the summation of neural activity from different perceptual modalities (e.g. Stein, 1998) , and it involves distinct brain regions, such as the superior colliculus (Dhamala, Assisi, Jirsa, Steinberg, & Scott Kelso, 2007) and the superior temporal sulcus (Calvert & Campbell, 2003) .
To assess the facilitatory effects of MSI on behavioural responses, one can use a statistical model known as the "race model" (Raab, 1962) . According to the race model, when processing multisensory stimuli, facilitation of behavioural responding occurs as a result of having two cues instead of one. However, this facilitation could be explained by either an integration of responses or of simple additive effects. The race model enables one to determine if integration of responses has occurred by comparing the observed distribution of the RT values to the expected distribution of the RTs from additive effects (Miller, 1982) . Violations of the race model (i.e. when RTs in the multisensory condition are significantly faster than the summed probabilities of the unisensory conditions) are thought to reflect MSI (Diederich & Colonius, 1987; Ulrich et al., 2007) . Figure 1 depicts a hypothetical race model analysis. Cumulative density functions (CDFs) of RT data for auditory-alone, visual-alone, multisensory and race model data are plotted at 20 different percentiles. If the data for the multisensory stimuli are faster (i.e. lower) than the data for the race model, the model is violated and MSI is thought to have occurred (left panel, Figure 1 ). If the data for the multisensory stimuli are slower (i.e. higher) than the data for the race model, then the model is not violated and no MSI occurred (right panel, Figure 1 ). Whereas the studies in this area assume that neural integration occurs, it may not be necessarily required to produce facilitatory effects. Rather simple multisensory processing could account for these facilitatory effects. However, we will keep to the existing literature in using the term MSI.
At the neural level, event-related potentials (ERPs), with their millisecond precision, have been used to examine how and when MSI occurs in the brain. In a typical ERP MSI paradigm, stimuli are presented either in the auditory modality alone (A), visual modality alone (V) or combined audio-visually (AV). If neural activity in the AV condition is greater than the sum of activity in the unisensory conditions (A + V), then it reflects an unique activity associated with integration (Molholm et al., 2002) . However, if activity in the AV condition is equal to the sum of the unisensory conditions, then it reflects a simple additive effect. Studies in healthy individuals frequently find greater ERP activity to AV vs. A + V stimuli (Giard & Peronnet, 1999; Molholm et al., 2002; Senkowski, SaintAmour, Höfle, & Foxe, 2011) , indicating unique neural activation associated with MSI. However, some studies find the opposite pattern of activity in controls where ERP activity to A + V stimuli is greater than that to AV (e.g. Stone et al., 2011) . Despite considerable interest in MSI from the experimental literature, there are few published reports of MSI in SZ, and the findings are somewhat mixed. Some studies have found MSI deficits in patients when using complex stimuli, such as speech (de Gelder, Vroomen, Annen, Masthof, & Hodiamont, 2003; Pearl et al., 2009; Szycik et al., 2009) or socially relevant stimuli (e.g. facial expression and prosody) (de Gelder et al., 2005; de Jong, Hodiamont, Van den Stock, & de Gelder, 2009; Fiszdon & Bell, 2010) . Other studies have shown that when multisensory stimuli are synchronous, MSI is intact in patients; however, when there is asynchrony between multisensory stimuli, patients show deficits (e.g. Foucher, Lacambre, Pham, Giersch, & Elliott, 2007; Martin, Giersch, Huron, & van Wassenhove, 2013) . Tschacher and Bergomi (2011) and Surguladze et al. (2001) found evidence of intact MSI in SZ patients, though these patterns were affected by levels of psychotic symptoms. A more recent study examined behavioural facilitation effects of MSI, using the race model and very simple stimuli (a letter and a tone) (Williams, Light, Braff, & Ramachandran, 2010) . While patients showed some facilitatory MSI effects on RT, they had significantly fewer deviations from the race model than healthy controls, indicating that patients did not integrate multisensory stimuli as well as controls.
To date only two studies have explored MSI with EEG and behaviour in patients with SZ (Stekelenburg, Maes, Van Gool, Sitskoorn, & Vroomen, 2013; Stone et al., 2011) . Using complex stimuli (a picture and a sound of a soccer ball near or far from the observer), Stone et al. (2011) showed a greater facilitatory effect on both RT and EEG measures in patients. Specifically, the patients showed faster RT to AV vs. unisensory stimuli, and greater EEG activity to AV vs. A + V conditions, compared to controls. The authors interpret their findings as showing intact MSI in SZ patients. Stekelenburg et al. (2013) examined MSI by determining the effects on ERPs of visual stimuli that shortly preceded auditory stimuli; in this case, integration has been associated with dampened auditory N100 responses. Stekelenburg et al. found that controls showed evidence of N100 dampening, whereas patients did not, suggesting that patients did not sufficiently integrate the multisensory stimuli.
The goal of the current study was to conduct a careful multi-method examination of multisensory processing in patients with SZ and healthy controls. In particular, we were interested in examining the facilitatory effects of multisensory stimuli on behavioural and neural responses. We used both behavioural and ERP measures and a target detection task with very simple stimuli. We examined deviations from the race model, as well as two auditory (N100 and P200), and two visual (P100 and N160 1 ) ERPs reflecting early sensory processing in each modality.
Methods Participants
Thirty-three patients with SZ and 30 healthy comparison subjects participated in the study. All participants were between the ages of 18 and 60, had an IQ over 70 and were sufficiently fluent in English to understand the procedures. Subjects were excluded if they had substance dependence in the last 6 months, substance abuse in the last month, neurological illness (e.g. seizures, stroke) or significant head injury with loss of consciousness for greater than 60 minutes.
Patients with SZ were recruited from outpatient treatment clinics at the Veterans Affairs Greater Los Angeles Healthcare System (VAGLAHS) and from board-and-care residences in the community. Diagnosis was based on the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I; First, Spitzer, Gibbons, & Williams, 1997) . Patients were considered to be clinically stable, defined as having no psychiatric medication changes in the past six weeks, no inpatient hospitalisation in the past three months and no changes in housing in the past two months. All patients were taking antipsychotic medication at the time of testing; 24 were receiving second-generation medications, 2 were taking a first-generation medication, 1 was taking both a first and second-generation medication and 6 were missing medication information.
Healthy controls were recruited through newspaper and Internet advertisements and were screened with the SCID-I and SCID-II (First, Gibbons, Spitzer, & Williams, 1996) . Exclusion criteria included any lifetime psychotic disorder, bipolar disorder, recurrent depression, substance dependence, paranoid, schizotypal or schizoid personality disorder or a history of psychotic disorder among their first-degree relatives. All SCID interviewers were trained through the Treatment Unit of the Department of Veterans Affairs VISN 22 Mental Illness Research, Education, and Clinical Center (MIRECC) to a minimum k of .75 for key psychotic and mood items (Ventura, Liberman, Green, Shaner, & Mintz, 1998) . All participants had the capacity to give informed consent and provided written informed consent after all procedures were explained in accordance with procedures approved by the Institutional Review Boards at the University of California, Los Angeles, and VAGLAHS.
Measures

Clinical ratings
Psychiatric symptoms were rated using the Scale for the Assessment of Negative Symptoms (SANS; Andreasen, 1989) , and the 24-item Brief Psychiatric Rating Scale (BPRS; Ventura et al., 1993) . We report the positive symptoms and depression/anxiety factors as well as the total score for the BPRS (Kopelowicz, Ventura, Liberman, & Mintz, 2008) ; for the SANS, we report the global scores for affective flattening, alogia, anhedonia and avolition in Table 1 .
MSI paradigm
Participants performed a MSI behavioural task while EEG was recorded. All stimuli were presented with E-Prime 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA). Participants were seated approximately 1 m from a 17″ cathode ray tube monitor. Auditory stimuli were delivered binaurally through foam ear inserts. Trials began with a fixation cross presented for 1500 ms, followed by a blank screen for 500-1500 ms, then by either a 100 ms visual (V) stimulus (black letter "X"), a 100 ms auditory (A) stimulus (1000 Hz tone, 10 ms rise/fall time, 75 dB), or both stimuli simultaneously (AV) in the bimodal condition. Thirty blank catch trials, with no stimuli presented, were inserted randomly to help prevent anticipation of responses. The letter X subtended 1.15 × 1.43 degrees of visual angle. Subjects were instructed to push the mouse button as quickly as possible whenever they heard or saw any stimulus and RT were recorded. The inter-trial interval was 1800-2200 ms. Stimuli were presented in a random order with 60 trials in each stimulus condition (total of 180 trials), plus 30 catch trials. The task took approximately 20 min to complete.
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EEG recording and analysis EEG recordings were acquired with a 64-channel BioSemi ActiveTwo amplifier (Biosemi B. V., Amsterdam, Netherlands). Additional electrodes were placed above and below the left eye and at the outer canthi of both eyes to monitor blinks and eye movements. Each active electrode was measured online with respect to a common mode sense electrode during data collection, forming a monopolar channel. Data were sampled at 1024 Hz at DC to 100 Hz. An additional electrode was placed at the nose tip, and all EEG data were re-referenced offline to this electrode. Data processing was performed using BrainVision Analyzer 2 (Brain Products, Gilching, Germany). Based on visual inspection, bad electrodes, defined as a bad recording for the entire length of the recording, were removed from the recording and a spherical spline interpolation was used to recreate the electrode (Perrin, Pernier, Bertrand, & Echallier, 1989; Picton et al., 2000) . Electrodes for four patients (average of 1.5 per patient) and two controls (average of two electrodes per control) were interpolated. Eyeblinks were removed from the data using a regression-based algorithm (Gratton, Coles, & Donchin, 1983) . Continuous data were then epoched at −100 to 600 ms relative to stimulus onset; data were then baseline corrected using the average activity of the 100 ms prestimulus interval. Epochs were high-pass filtered at 1 Hz and low-pass filtered at 30 Hz (zero phase shift, 24 dB/octave roll-off) to remove any residual high-frequency artefact. Epochs that contained activity exceeding ±75 µV at any electrode site were automatically rejected. For patients, a mean (SD) of 52.7 (10.0) trials were accepted for each condition (A, V and AV); for controls, 53.2 (8.4) trials were accepted for each condition.
We considered four ERP waveforms. Auditory N100 and P200 amplitudes were measured as the mean voltages in the 127-177 and 218-308 ms latency range, respectively. Visual P100 and N160 were measured as the mean voltages in the 80-120 and 130-180 ms latency range, respectively. Windows were centred on the peak latency 
Statistical analyses
Independent samples t-tests and chi-square tests were used to assess group differences for continuous and categorical demographic variables, respectively. Behavioural data were analysed in two ways. First, we examined the hit rate and RTs using 2 (group) × 3 (condition) repeated measures analyses of variance (ANOVA); false alarm rates to the catch trials were analysed with an independent samples t-test. Next, we examined violations of the race model with the Race Model Inequality (RMI) Test program (Ulrich et al., 2007) . A CDF was generated for each subject and each condition using raw RTs. The race model CDF was calculated by summing the CDFs of the unisensory conditions (A + V). CDFs were calculated for 20 different percentiles, ranging from .03-.98. The percentile value determines the upper RT limit for that percentile, e.g. an RT value of 500 ms at the .50 percentile means that 50% of the trials for the particular condition are 500 ms or faster. Violations of the race model at the group level were examined with paired t-tests at each of the 20 percentiles. Violations of the race model for each individual subject were also examined by counting the number of instances at any given percentile, where the RT to the AV condition was faster than the RT to the race model prediction. Between-group differences in the number of violations of the race model counted for each subject were examined using an independent sample t-test.
To examine group differences in unisensory auditory ERPs, we conducted a one-way ANOVA with group as the main factor; for unisensory visual ERPs, we conducted a 2 (group) × 2 (hemisphere) repeated measures ANOVA. To examine MSI effects on ERPs, we compared the AV condition to the sum of the unisensory conditions (A + V) for the same set of electrodes, within each group. We analysed each of the four ERP components separately using a 2 (group) × 2 (AV vs. A + V) repeated measures ANOVA. For all repeated measures of ANOVAs resulting in more than one degree of freedom, we used Greenhouse-Geisser correction factors (ε) to account for the effects of sphericity. We report the uncorrected degrees of freedom, the corrected p-values and the correction factor.
Results
Demographics
Demographic information is presented in Table 1 . Patients were clinically stable with relatively low levels of symptoms. Groups did not differ on age or on gender, though there were significant differences in personal education.
Behavioural data
Behavioural data were not available for one healthy control due to equipment malfunction. One patient had too few hits (16/60) in the visual condition (V) and thus could not be included in the race model analysis. Therefore, both participants' data were not included in the ERP analyses.
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Hit rate, false alarm rate and RT Both groups showed a high hit rate for each of the three conditions and a low false alarm rate for the catch trials. Hit rates showed only a significant main effect of condition, F(2, 120) = 15.561, p < .001, ε = .64. Follow-up contrasts revealed significant differences in hit rate among all the three conditions: AV > A > V, ps < .01. For false alarm rates for catch trials, the range was 0-5; there was no significant difference between SZ patients, .44 (1.11), and healthy controls, .28 (.80), t(61) = .67, p > .50. For RT, there was a significant main effect only for condition, F(2, 120) = 143.3, p < .001, ε = .70. The group main effect and the interaction were not significant. Follow-up contrasts revealed significant differences, ps < .001, in RT among all the three conditions, such that AV < V < A. Average hit rates and RT for each condition for both groups can be seen in Table 2 .
Race model
The results of the race model analysis are displayed in Figure 2 as average CDFs for both groups. At the group level, healthy controls showed significant violations of the race model for 12 of the percentiles (.03-.58 percentiles). SZ patients showed significant violations of the race model for nine of the percentiles (.08-.48 percentiles). Violations of the race model at the individual level were also examined: controls had 13.3 (5.6) and patients had 11.9 (5.4) violations, a non-significant difference, t(59) = 1.02, p < .32.
Unisensory ERP analysis
Means and standard deviations for each of the four ERP components of interest for the A, V, AV and the A + V conditions can be seen in Table 3 and Figure 3 .
Auditory
For the N100, controls, −4.97 (2.28) µV, had significantly larger responses compared to patients, −3.68 (2.01) µV, t(59) = 2.34, p < .05. There were no significant between-group differences for the P200. 
Visual
There were no main effects or interactions for the P100. For the N160, controls, −4.45 (2.34) µV, had significantly larger responses compared to patients, −3.17 (2.55) µV, in the left hemisphere, t(59) = 2.21, p < .05; there was no between-group difference in the right hemisphere. Multisensory ERP analysis
Auditory
For the N100, there was a significant main effect of group, F(1, 59) = 5.46, p < .05, and a marginal group × condition interaction, F(1, 59) = 3.38, p < .08. Controls, −3.64 (3.25) µV, had an overall larger N100 compared to patients, −2.08 (1.86) µV. For the P200, there was a significant main effect of condition, F(1, 59) = 9.55, p < .01. The P200 was larger for AV, 1.33 (3.22) µV, compared to A + V, 0.59 (3.79) µV, responses. The group main effect and interaction with group were not significant (see Table 3 and Figure 4 ). 
Visual
There were no significant main effects or interactions for the P100. For the N160, there was only a marginal group × condition × hemisphere interaction, F(1, 59) = 2.80, p < .10. This interaction was due to controls showing larger responses to AV versus A + V stimuli in the right hemisphere, whereas patients showed larger responses to A + V versus AV stimuli; there were no differences between either condition in either group in the left hemisphere (see Table 3 and Figure 5 ). However, these differences in the right hemisphere were not statistically significant.
Correlations between behavior and clinical symptoms
We examined correlations between behaviour and clinical symptoms in the SZ patients, and correlations between age and behaviour separately in both groups. Unsurprisingly, in patients, avolition was positively correlated with RT to auditory, visual and AV stimuli, rs of .42, .56 and .43, respectively, ps < .02. Avolition was also significantly negatively correlated with hits to AV stimuli, r = −.39, p < .03. In patients, age was only significantly correlated with hit to visual stimuli, r = .36, p < .05. In controls, age was significantly correlated with hits to AV stimuli and number of race model violations, both rs = .38, ps < .05.
Discussion
We examined MSI using both behavioural and EEG methods and found that SZ patients were generally similar to healthy controls. At the behavioural level, both groups had faster RT in the MSI condition compared to the unisensory conditions. Patients had fewer violations of the race model relative to healthy controls, but not significantly so. At the neural level, there were no significant differences between groups on any of the ERP measures of MSI. This lack of difference on MSI measures was in contrast to the observed group differences (smaller amplitude in patients) on two of the unisensory ERPs that were examined. Our study failed to replicate the behavioural results of Williams et al. (2010) who found significantly fewer violations of the race model in patients. The patient sample characteristics (e.g. age, gender and length of illness) were similar in the two studies, and we modelled our procedures on that study (e.g. type and number of stimuli), so the reasons for the discrepant findings are unclear.
Our findings are also inconsistent with the results found in Stone et al. (2011) and Stekelenburg et al. (2013) . In Stone et al. patients had a heightened MSI effect compared to controls as indexed by both behaviour and ERP. However, in Stekelenburg et al., patients failed to show ERP evidence of MSI compared to healthy controls. There were notable methodological differences between these two studies and the current study. Stone et al. used complex visual and auditory stimuli, whereas Stekelenburg et al. used congruent and incongruent audio-visual stimuli. Our stimuli were very simple and were presented simultaneously. The paradigm differences among these studies and the current study might account for the discrepant findings.
Although there were no significant group differences in MSI, there were some subtle hints of abnormalities. For example, patients showed a reduction (not augmentation) of the right hemisphere visual N160 in the AV versus A + V conditions, but this finding did not reach significance. They also had slightly fewer violations of the race model.
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Figure 5. Visual ERPs to the sum of unisensory stimuli (A + V, in grey) and MSI stimuli (in black) for controls (left) and patients (right). ERPs over left-and right-parieto-occipital electrodes were used to examine visual P100 and N160.
However, MSI at the behavioural level occurred as both groups exhibited violations of the race model, which is considered a good way to determine if multisensory processing results in integration of stimuli rather than simple additive effects. MSI at the neural level also occurred as both groups showed larger auditory P200 responses to AV vs. A + V conditions. Therefore, the MSI paradigm appeared to be working correctly in the current study, even though we did not find significant group differences. We intentionally selected very simple stimuli to try to assess the basic MSI phenomenon. Importantly, our paradigm did not necessarily rely on integration; rather we focused on the processing of multisensory stimuli and its facilitatory effects on behavioural and neural responses. Most studies of MSI in SZ have used more complex stimuli or paradigms that require integration of auditory and visual stimuli. For example, de Gelder et al. (2005) and de Jong, Hodiamont, Van den Stock, & de Gelder (2009) have used audio-visual speech and found deficits in SZ patients. In paradigms that manipulate the synchrony of auditory and visual stimuli (e.g. multisensory stimuli that are either synchronous or asynchronous), SZ patients show normal performance when stimuli are perfectly synchronous (as in the current study), but deficits when there is some level of asynchrony (e.g. Foucher et al., 2007; Martin et al., 2013; Tschacher & Bergomi, 2011) . It may be possible that the processing of multisensory stimuli is intact when stimuli are simple and synchronous. However, MSI appears to be deficient in SZ when stimuli need to be integrated or when stimuli are slightly asynchronous. It is possible that more complex stimuli and an examination of asynchronous/synchronous stimuli might have resulted in larger behavioural and neural deficits in the patients in the current study.
In conclusion, our results show that SZ patients exhibit relatively intact MSI, though with some subtle (non-significant) differences at the neural and behavioural levels. Our findings are inconsistent with most (but not all) of the previous studies of MSI in SZ that have reported MSI deficits. Patients with SZ clearly have well-established problems in unisensory processing. Our results suggest that specific neural processes associated with MSI of simple auditory and visual stimuli are not an additional source of impairment in SZ.
